!

OGO-E SPACE VEHICLE RESPONSE
TO TRANSIENT LOADING AT ATLAS
BOOSTER ENGINE CUTOFF

900-128 April 1968

Approved by: % cf Z:

M. E. Alper, Manager
Applied Mechanics Section

e

W. H. Gayp{cn, Ass't. Manager
Applied Mechanics Section
Co-Author

™

p g kit

M. R. Trubert i
Member of Technical Staff
Applied Mechanics Section
Co~Author

V. A G ecta

J.O(.' Garba(jenior Engineer
Applied Mechanics Section
Co-Author

JET PROPULSION LABORATORY
CALIFORNIA INSTITUTE OF TECHNOLOGY

PASADENA, CALIFORNILA




.

3 gLPNE WOT \:\LM?(?O -128
JReCEONG F
CONTENTS
I. Introduction

II. Normal Mode Analysis

A. Input Data .
1. The OGO-E spacecraft, G
2. The Atlas/Agena launch vehicle .,
B. Data Processing
1. The OGO-E spacecraft. .
2. The Atlas/Agena launch vehicle .
3. The composite vehicle .
C. Free-Free Torsional Modes

III. Response Analyses,

10

10

10

13

A. Method
B. Input Data .
C. Normal Modes
D. Damping.
E. Responses
References .
Appendix A. Conversion From Normal-Mode Coordinates of a

Cantilever Structure to an Equivalent Lumped-
Parameter System . . .

Appendix B, The OGO-E Generalized Mass Matrix,

Appendix C. Numerical Values for the Atlas/Agena/OGO E
Mathematical Model . . . . . e

Appendix D, Free-Free Torsional Modes for the OGO-E Space

Vehicle .

Appendix E. Response Plots. .




TABLES

1.

D-1.

FIGURES

1.

2.

A-1.

A-2,

C-1.

900-128

CONTENTS (contd)

Acceleration responses for 3% modal damping (RA-6, 7,
8, 9 data input) .

Torque. . .

Effect of modal dampmg of Atlas/Agena/OGO space vehlcle,
pulse 3 excitation e e e .

Pertinent modal information

Mathematical model of the Atlas/Agena interface

Ideal representation of structure for spacecraft base torque
determination .

Oscillator
Mathematical model of the OGO-E spacecraft .

Mathematical model of the Atlas/Agena OGO-E space
vehicle .

Atlas/Agena/OGO torsion mode shape (mode 1)
= 4,93 Hz
Atlas/Agena/OGO torsion mode shape (mode 2)
= 9.30 Hz

Atlas/Agena/OGO torsion mode shape (mode 3)
F =174 Hz e e e e e e e e e e e e e

Atlas/Agena/OGO torsion mode shape (mode 4)
F=13.09Hz e e e e e e e e e e e

Atlas/Agena/OGO torsion mode shape (mode 5)
F = 15.64 Hz .

Atlas/Agena/OGO torsion mode shape (mode 6)
F =19.13 Hz .

Atlas/Agena/OGO torsion mode shape (mode 7)
F = 21.80 Hz e e e e e e e e e e e

iv

A-2

A-5




»

900-128

CONTENTS (contd)

FIGURES (contd)

D-8. Atlas/Agena/OGO torsion mode shape {mode 8)

F=24.68Hz . . . . v v i v v v v vt b it e e e e e e e D-8

D-9. Atlas/Agena/OGO torsion mode shape (mode 9)
F=28.24Hz . . . . . . . o i i v v v e e e e e e e D-9

D-10. Atlas/Agena/OGO torsion mode shape (mode 10)
F=34.63Hz . .. .. .. . ¢ uuwuwueuuweeeiei... D-10

D-11. Atlas/Agena/OGO torsion mode shape (mode 11)
F=39.87Hz . .. .. .. ... v e, D-11

D-12. Atlas/Agena/OGO torsion mode shape (mode 12)
F=42.58Hz . .. .. ... ..+ ' 'uiwwweee.. D-12

D-13, Atlas/Agena/OGO torsion mode shape (mode 13)
F = 45.83 Hz e e e e e e e D-13

D-14. Atlas/Agena/OGO torsion mode shape (mode 14)
F = 48.27 Hz e . D-14

D-15. Atlas/Agena/OGO torsion mode shape (mode 15)
F=58.83Hz ... .. .. ... e.eue.oo.. D-15

D-16. Atlas/Agena/OGO torsion mode shape (mode 16)
F=59.02Hz . .. .. ... ... s e e i e i e e e i e ... D-16

D-17. Atlas/Agena/OGO torsion mode shape (mode 17)
F=67.50Hz . .. .. ...... e e e e e e v v ov . D-17

D-18. Atlas/Agena/OGO torsion mode shape (mode 18)
F=79.66Hz . .. .. .. .. ... ¢4 eueewewewswsw.. D-18

D-19. Atlas/Agena/OGO torsion mode shape (mode 19)
F=82.99Hz . .. .. ... ... 'ewweewswswswsw. D-19

D-20. Atlas/Agena/OGO torsion mode shape (mode 20)
F=92,20Hz ... .. ...... e e e e e e e e e s .. D-20

D-21. Atlas/Agena/OGO torsion mode shape (mode 21)
F=97.26Hz . .. .. ...... T b RV |

D-22. Atlas/Agena/OGO torsion mode shape (mode 22)
F=98.04Hz . .. ...... C e e e e i e e e e e ... D-22
E-1. RA-6 torsional flight acceleration, time history (pulse 1) , , E-l




900-128

CONTENTS (contd)

FIGURES (contd)

E-2.

E-3,

E-10.

E-11.

E-12.

E-13.

RA-6 torsional flight acceleration,
modulus (pulse 1) ,

RA-6 torsional flight acceleration,
phase angle (pulse 1)

RA-7 torsional flight acceleration,
(pulse 2)

RA-7 torsional flight acceleration,
modulus (pulse 2) ,

RA-7 torsional flight acceleration,
phase angle (pulse 2)

RA-8 torsional flight acceleration,

RA-8 torsional flight acceleration,
modulus (pulse 3) , |,

RA-8 torsional flight acceleration,
phase angle (pulse 3)

RA-9 torsional flight acceleration,

RA-9 torsional flight acceleration,
modulus (pulse 4) |,

RA-9 torsional flight acceleration,
phase angle (pulse 4)

Fourier transform,

Fourier transform,

time history

Fourier transform,

Fourier transform,

time history (pulse 3).

Fourier transform,

Fourier transform,

time history (pulse 4), .

Fourier transform,

Fourier transform,

Spacecraft base acceleration, Joint 7, time history

(pulse 1) . .. .. ..

Spacecraft base acceleration, Joint 7, Fourier transform,

modulus (pulse 1) .

Spacecraft base acceleration, Joint 7, Fourier transform,

phase angle (pulse 1)

Spacecraft base acceleration, Joint 7, time history

(pulse2) . .. .. ...

Spacecraft base acceleration, Joint 7, Fourier transform,

modulus (pulse 2) . . . .

Spacecraft base acceleration, Joint 7, Fourier transform,

phase angle (pulse 2)

vi

E-10

E-11

E-12

E-13

E-14




*

900-128

CONTENTS (contd)

FIGURES (contd)

E-19,

E-25,

E-26.
E-27.
E-28.
E-29,
E-30.
E-31.
E-32.
E-33,
E-34.

E-35,

E-36.

E-37,
E-38.

E-39,

Spacecraft base acceleration,
(pulse 3)

Spacecraft base acceleration,
modulus (pulse 3) . . .

phase angle (pulse 3)
Spacecraft base acceleration,

(pulse 4)

modulus (pulse 4) .,

Joint 7, time history

Joint 7, Fourier transform,
Spacecraft base acceleration, Joint 7, Fourier transform,

Joint 7, time history
Spacecraft base acceleration, Joint 7, Fourier transform,

Joint 7,

Spacecraft base acceleration,

Fourier transform,

phase angle (pulse 4)

Joint 1, x) time history (pulse 1). . .

Joint 1, >3 Fourier transform, modulus (pulse 1)
Joint 1, x, Fourier transform, phase angle (pulse 1) .
Joint 1, X, time history (pulse 2). . .

Joint 1, x, Fourier transform, modulus (pulse 2) .
Joint 1, x, Fourier transform, phase angle (pulse 2)
Joint 1, x; time history (pulse 3)

Joint 1, X, Fourier transform, modulus (pulse 3) .,
Joint 1, x, Fourier transform, phase angle (pulse 3) ,
Joint 1, X) time history (pulse 4)., . .

Joint 1, X Fourier transform, modulus (pulse 4) .
Joint 1, x, Fourier transform, phase angle (pulse 4)
Joint 1, xg time history (pulse 1)

Joint 1, Xg Fourier transform, modulus (pulse 1) ,
Joint 1, xg Fourier transform, phase angle (pulse 1)

vii

E-24
E-25
E-26
E-27
E-28
E-29
E-30
E-31
E-32
E-33
E-34
E-35
E-36
E-37
E-38

E-39




900-128

CONTENTS (contd)

FIGURES (contd)

E-40,
E-41.
E-42.
E-43.
E-44.
E-45.
E-46.
E-47.
E-48.
E-49,
E-50.
E-5].
E-52.
E-53.
E-54.
E-55,
E-56.
E-57.
E-58.
E-59.
E-60.
E-61.
E-62.

E-63,

Joint 1, Xg time history (pulse 2) . .. .. .. ..
Joint 1, X Fourier transform, modulus (pulse 2) .
Joint 1, xg Fourier transform, phase angle (pulse 2)
Joint 1, Xg time history (pulse 3) . .. .. ...
Joint 1, xg Fourier transform, modulus (pulse 3) ,
Joint 1, Xg Fourier transform, phase angle (pulse 3)
Joint 1, x time history (pulse 4)

Joint 1, x; Fourier transform, modulus (pulse 4) .
Joint 1, xg Fourier transform, phase angle (pulse 4)
Joint 5, x,. time history (pulse 1)

Joint 5, Xg Fourier transform, modulus (pulse 1) .
Joint 5, X Fourier transform, phase angle (pulse 1)
Joint 5, Xz time history (pulse 2)

Joint 5, Xg Fourier transform, modulus (pulse 2) .
Joint 5, x. Fourier transform, phase angle (pulse 2)
Joint 5, X time history (pulse 3)

Joint 5, x. Fourier transform, modulus (pulse 3) .
Joint 5, x_ Fourier transform, phase angle (pulse 3)
Joint 5, x. time history (pulse 4)

Joint 5, Xg Fourier transform, modulus (pulse 4) .
Joint 5, Xg Fourier transform, phase angle (pulse 4)
Joint 23, X time history (pulse 1)

Joint 23, x, Fourier transform, modulus (pulse 1)

1

Joint 23, X Fourier transform, phase angle (pulse 1).

viii

E-40
E-41
E-42
E-43
E-44
E-45
E-46
E-47
E-48
E-49
E-50
E-51
E-52
E-53
E-54
E-55
E-56
E-57
E-58
E-59
E-60
E-61
E-62

E-63




900-128

CONTENTS (contd)

FIGURES (contd)

E-64.
E-65.
E-66.
E-67.
E-68.
E-69.
E-70,
E-71.
E-72,
E-73.
E-74.
E-75.
E-76.
E-77.
E-78,
E-79.
E-80,
E-81.
E-82,
E-83,
E-84,

E-85,

E-86.

Joint 23, x

Joint 23, x, time history (pulse 2). . . . . . . . ..

Joint 23, x, Fourier transform, modulus (pulse 2) . .
Joint 23, x

Joint 23, x., time history (pulse 3). . . .

Joint 23, x, Fourier transform, modulus (pulse 3) .
Joint 23, x, Fourier transform, phase angle (pulse 3) .

Joint 23, x, time history (pulse 4). . .

Joint 23, x, Fourier transform, modulus (pulse 4) .

Joint 23, x, Fourier transform, phase angle (pulse 4) .

Joint 23, time history (pulse 1). .

Joint 23, x, Fourier transform, modulus (pulse 1) .

Joint 23, Fourier transform, phase angle (pulse 1) .,

Joint 23, time history (pulse 2)

Joint 23, Fourier transform, modulus (pulse 2) .

Joint 23, x, Fourier transform, phase angle (pulse 2) ,
time history (pulse 3), ., .

Joint 23, x, Fourier transform, modulus (pulse 3) .
Joint 23, x, Fourier transform, phase angle (pulse 3) .
Joint 23, time history (pulse 4)

Joint 23, Fourier transform, modulus (pulse 4) .
Joint 23, x, Fourier transform, phase angle (pulse 4) .

Base of spacecraft torque, Joint 7, time history
(pulse 1)

Base of spacecraft torque, Fourier transform, modulus
(pulse 1)

ix

Fourier transform, phase angle (pulse 2) . . . .

E-64
E-65
E-66
E-67

E-68

E-69

E-70
E-71
E-72
E-73
E-74
E-75
E-76
E-77
E-78
E-79
E-80
E-81
E-82
E-83

E-84



900-128

CONTENTS (contd)

FIGURES (contd)

E-87.

E-88,

E-89.

E-94.

E-95.

E-96.

E-97.

E-98.

E-100.

E-101.

E-102.

E-103,

Base of spacecraft torque, Joint 7, Fourier transform,
phase angle (pulse 1)

Base of spacecraft torque, Joint 7, time history (pulse 2)

Base of spacecraft torque, Fourier transform,
modulus (pulse 2) ,

Base of spacecraft torque, Joint 7, Fourier transform,
phase angle (pulse 2) . . . . . . .

Base of spacecraft torque, Joint 7, time history
(pulse 3) , .

Base of spacecraft torque, Fourier transform, modulus
(pulse 3) . . . . ... ...

Base of spacecraft torque, Joint 7, Fourier transform,
phase angle (pulse 3)

Base of spacecraft torque, Joint 7, time history
(pulse 4) . .

Base of spacecraft torque, Joint 7, Fourier transform,
modulus (pulse 4) . .

Base of spacecraft torque, Joint 7, Fourier transform,
phase angle (pulse 4)

Joint 1, x, time history (pulse 3) 1% damping . .

Joint 1, x, Fourier transform, modulus (pulse 3)
1% damping

Joint 1, x, Fourier transform, phase angle (pulse 3)
1% damping

Joint 1, x, time history (pulse 3) 2% damping .

1

Joint 1, x, Fourier transform, modulus (pulse 3)
2% damping

Joint 1, x, Fourier transform, phase angle (pulse 3)
2% damping

Joint 1, x, time history (pulse 3) 4% damping .

E-87

E-88

E-99

. E-100

. E-101

. E-102

. E-103




FIGURES (contd)

E-104.

E-105.

E-106.

E-107.

E-108.

E-109.

E-110.

E-~111,

E-112.

E-113.

E-114.

E-115.
E-116.
E-117.

E-118.

E-119.

E-120,

E-121.

900-128

CONTENTS (contd)

Joint 1, x, Fourier transform, modulus (pulse 3)

4% damping

Joint 1, x, Fourier transform, phase angle (

4% damping

Joint 23, Xy

Joint 23, x)

time history (pulse 3) 0.1% damping

Fourier transform, modulus (pulse 3)

0.1% damping

Joint 23, x;

Fourier transform, phase angle (pulse

0.1% damping

Joint 23, X

Joint 23, x]

time history (pulse 3) 0.5% damping

Fourier transform, modulus (pulse 3)

0.5% damping

Joint 23, x3

Fourier transform, phase angle (pulse

0.5% damping

Joint 23, x4

Joint 23, Xl
1% damping

Joint 23, x
1% damping

Joint 23, x)

Joint 23, x]
2% damping

Joint 23, x]
2% damping

Joint 23, X

Joint 23, x3
4% damping

Joint 23, x3
4% damping

Joint 23, X

time history (pulse 3) 1% damping

Fourier transform, modulus (pulse 3)

Fourier transform, phase angle (pulse

time history (pulse 3) 2% damping

Fourier transform, modulus (pulse 3)

Fourier transform, phase angle (pulse

time history (pulse 3) 4% damping
Fourier transform, modulus (pulse 3)
Fourier transform, phase angle (pulse

time history (pulse 3) 10% damping .

xi

pulse 3)

3)

3)

3)

3)

3)

E-104

E-105

E-106

E-107

E-108

E-109

E-110

E-111

E-112

E-113

E-114

E-115

E-116

E-117

E-118

E-119

E-120

E-121




900-128

CONTENTS (contd)

FIGURES (contd)

E-122.

E-123.

E-124.

E-125,

E-126.

E-127.

Joint 23, x; Fourier transform, modulus (pulse 3)
10% damping .

Joint 23, x, Fourier transform, phase angle (pulse 3)
10% damping . ..

Joint 23, Xy time history (pulse 3) 50% damping

Joint 23, x| Fourier transform, modulus (pulse 3)
50% damping .

Joint 23, x| Fourier transform, phase angle (pulse 3)
50% damping .

Variations of peak acceleration with Atlas/Agena/OGO
modal damping e

xii

E-122

E-123

E-124

E-125

E-126

E-127




h ot 00 At um BB G0 ON B PR NS AN W0 =n G =

900-128

OGO-E SPACE VEHICLE RESPONSE TO TRANSIENT LOADING

AT ATLAS BOOSTER ENGINE CUTOFF

I. INTRODUCTION

The analyses described herein were undertaken in response to a request!
made by the NASA Goddard Space Flight Center (GSFC). They have utilized
analysis concepts and computer programs developed by the Applied Mechanics
Section of JPL for treating various classes of problems in the field of struc-
tural dynamics. The specific problem dealt with in this document is the pre-
diction of the Orbiting Geophysical Observatory (OGO-E) spacecraft structural
response to be expected during Atlas booster engine cut-off (BECO).

II. NORMAL MODE ANALY SIS

A. Input Data

Input data for the normal mode analysis were obtained from two sources:
1) the OGO-E spacecraft model was supplied to JPL by the TRW Systems
Group, Redondo Beach, California, as authorized by GSFC; 2) the model for
the launch vehicle system, consisting of GD/C SLV-3A Atlas data and LMSC
Agena data, including the nose fairing, was supplied by NASA Lewis Research
Center (LeRC), Cleveland, Ohio.

1. The OGO-E spacecraft. The OGO-E spacecraft structural model

as used in this analysis is described in Refs. 1 and 2. Frequencies and modal
deflections for one quadrant of the OGO-E spacecraft, including the interstage
adapter structure, were obtained by TRW Systems using the Stiffness Matrix

Structural Analysis Program described in Ref. 3.

lGSFC letter, File No. 16113, dated Feb. 6, 1968 to Dr. W.H. Pickering,
Director, JPL from John F. Clark, Director, GSFC; Subj: Torsional Mode
Analysis of the OGO-E Combined Launch Vehicle.




900-128

The TRW Systems model assumes the OGO-E spacecraft structure to
have symmetry about two orthogonal planes intersecting at the longitudinal axis

of the launch vehicle system.

The data obtained by JPL from TRW was in the following form: 1) input
data cards for the computer program, Ref. 3, defining the mass properties for
each joint of the lumped mass model, the joint coordinates, member properties
and stiffness matrix elements, 2) output cards defining the modal deflections
for the first 18 elastic modes of the structure cantilevered at the bottom of the
interstage adapter structure, and 3) computer printout containing the 18 fre-

quencies corresponding to the 18 normal modes of 2) above.

2. The Atlas/Agena launch vehicle. The data describing the Atlas/

Agena launch vehicle, including the nose fairing, were transmitted to JPL via
Ref. 4. Two enclosures were contained in Ref. 4: the GD/C Atlas SLV-3A
model description, Ref. 5, and the Agena and nose fairing description, Refs. 6

and 7.

The launch vehicle model description consists of a lumped parameter
representation of the Atlas/Agena vehicle including the nose fairing. As
requested by the Lewis Research Center (LeRC) in Ref. 4, the Agena model
described by GD/C in Ref. 5 was updated using LMSC data of Ref. 6. The

magnesium door data was used in the Agena model.

Clarification of the Atlas/Agena interface area was provided by LeRC
verbally. The model is defined in Fig. 1.

In addition, LeRC informed JPL that the model, as described in Ref. 4,

accounts for an OGO-E spacecraft inertia of 91 slug-ft2 at Joint 7,

B. Data Processing

1. The OGO-E spacecraft. The cantilever normal modes of the

OGO-E spacecraft obtained from TRW Systems were converted to equivalent
single -degree -of-freedom systems by the same technique used for the Ranger
and Surveyor spacecrafts, Ref. 8. The general method used is described in
Appendix A and Ref. 9.
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’

LMSC
STATION 475.2

K|5-16 = 1.700 x 109 in.-lb/rad
5 Go/c I, = 425,33 Ibsec>in.
STATION 412,0 16
K = 8.257x 10 i -lb/rad
16-1 ~ /XY InmR/rd

Gb/C
STATION 435.0

61

GD/C STATION NO, = LMSC STATION NO, - 141.0

Fig. 1. Mathematical model of the Atlas/Agena interface

The conversion from cantilever normal modes to single-degree-of -
freedom systems requires the calculation of the rigid-elastic coupling terms
for the cantilever structure. This was accomplished by dividing the OGO-E
spacecraft structure into two parts, shifting the origin of the coordinate axes,
and then calculating the rigid-elastic coupling terms for each of these parts

within the Modal Combination Program, Ref. 10.

The elastic-elastic and rigid-elastic description of the whole OGO-E
spacecraft structure was obtained by first adding the respective terms of the
two subsystems and then multiplying the result by four. The multiplication by

four converts the spacecraft model for one quadrant to the complete spacecraft.

The generalized mass matrix for the OGO-E spacecraft is of the follow -

ing form:

- v
RE
[]-
MeRr MEE |
3
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Since the rigid-elastic coupling terms have been computed only for a
rotation about the vehicle longitudinal axis, the Mp g matrix is a row matrix
having 18 columns representing the 18 normal modes. The elements of the

Mgpg and Mgyp matrices are given in Appendix A.

The normal modes are renormalized such that

(mye). = (mee). (2)

for the jth normal mode.

Using renormalization factors

mre
By = m__) (3)
J

results in a new mass matrix for the spacecraft

~ —

3
Mpr  Mgg
S (4)
b3 3
Mpr  Mgg

Using the above matrix, 18 single-degree-of-freedom systems have been
obtained. Thus, the spacecraft is described by Joints 26 through 43 and the
associated spring constants connecting each of these joints to Joint 7 on the

maih vehicle, as shown in Appendix B.

In the discussion to follow the jth inertia term, Ij’ represents the effec-
tive mass of the jth cantilever normal mode. Hence, for the spacecraft model
the subscript jis common to mass point and normal mode. The method of
conversion from normal modes to equivalent lumped parameters is described

in Appendix A.

In deriving the connecting spring constants the analytically obtained
modal frequencies were adjusted by a factor of 0.915 as justified in Ref. 2.
While Ref. 2 applies this factor only to the dominant torsion mode, TRW Sys-
tems instructed JPL verbally to use this factor on all the normal modes

considered.
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2. The Atlas/Agena launch vehicle. The Atlas/Agena launch vehicle

used in this analysis was described in 2. of Section II. The inertia at Joint 7

had to be modified to be compatible with the treatment of the spacecraft model.

First, the spacecraft inertié, as used by LMSC, 91 slug-ftz, was
removed from Joint 7. Then, the additional inertia of 3.4 slug-ft2 was added
to the inertia at Joint 7 in order to preserve the proper rigid-body representa-

tion consistent with the 18 normal modes used. (Ref. Eq. A-13, Appendix A.)

3. The composite vehicle. All pertinent data of the composite vehicle

are given in Appendix C. In the processing of the composite vehicle data to
obtain normal modes, the vehicle was first divided into two parts at GD/C
Station 577.195. The cantilevered normal modes of each part of the vehicle

were obtained using the Stiffness Matrix Structural Analysis Program, Ref. 3.

The two parts of the composite vehicle were then combined to obtain the

overall vehicle normal modes using the Modal Combination Program, Ref. 10.

C. Free-Free Torsional Modes

Appendix D contains plots of the first 22 free-free normal modes of the
composite vehicle as well as other pertinent modal data in tabular form.
Spacecraft deflections shown at GD/C Station 95.0 are actually the participa-

tion factors of the spacecraft centilever modes as finally normalized.

Modal deflections for joints within the OGO-E spacecraft were obtained

as required for the response analysis requested by TRW Systems in Ref. 11.

In obtaining the modal deflections for joints within the OGO-E spacecraft,
the original TRW modal data had to be renormalized by the factor -}.LJ.. The
negative signis required to make the TRW analysis coordinate axes convention

compatible with the JPL composite vehicle analysis axes.

Thus,

k k
q>ln - Z Mj q)oj an (5)
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where
<I>i<n - modal deflection of kP point in the OGO-E spacecraft in the nth
overall launch vehicle free-free mode.
p.j = renormalization factor for the jth mode, from Eq. (3).
lgj = modal deflection of the kth point in the OGO-E spacecraft in the
jth cantilever mode in original TRW coordinate axes.
an = the nth mode shape at point j in the overall launch vehicle

free-free mode.

k
Values of o, are listed in Appendix D for the five points for which response

time histories have been requested by TRW Systems.

Rotational acceleration and torque at OGO Station 400 were requested by
TRW Systems in Ref. 11. Since no spacecraft mass point was provided at that
station, it was verbally agreed with TRW Systems to supply the acceleration
and torque at Joint 7, GD/C Station 106.1.

The computation of the torque at Joint 7, as described in SectionIII,

requires the evaluation of the following quantity:

18 18
In = Z (m ), an = Z IJ UJn (6)
j=1 j=1
where
I* = modal quantity used to compute torque response
n
(m;:fe). = the mass, in this case inertia, representing the jth oGo

. cantilever mode from Eqgs. (3) and (4)

I. = same as (m™ )

J re _]

U. = the nth mode shape at point j in the overall launch vehicle
jn

free-free mode,

Values of Irl are listed in Appendix D.
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III. RESPONSE ANALYSES

A. Method

The method used to compute the response of the spacecraft at booster
engine cut-off (BECO) is indicated in the JPL Technical Memorandum 33-350

(Ref. 12) modified to accommodate certain types of responses.

Three types of responses were required:

1) Angular acceleration of the spacecraft base (Station 106.1) and at
two points of the spacecraft (Joint 1, X and Joint 5, x5).
2) Linear acceleration at 3 points of the spacecraft (Joint 1, x

1’
Joint 23, X1 and Joint 23, x3).
3) Torque at the spacecraft base (Station 106, 1).

Item 1 is readily computed by the digital program of Ref. 12, for which

.. . k
<I>ln is identical to <I>ln of Eq (5).

Item 2 can also be computed by the same program if one notes that the
mode shapes @ (n=0,1, 2, ... N) of Ref. 12 corresponding to the points on
the spacecraft must be linear mode shapes rather than angular mode shapes.

Particularly, it must be noted that the rigid body linear mode shape ®,  is no

10

longer unity if the gimbal block angular rigid body mode shape <I> 20 is normal-
ized to unity. Fxnally, the response uz(t) (Eq. 18 of Ref. 12) is a 11near

acceleration (in. /sec ) instead of an angular acceleration (rad/sec ) again

®. 1is identical to <I>k .
In 1In

Item 3 requires a slight modification in the interpretation of Eq. 8 of

Ref. 12 in order to use the same program as indicated below.

Torque computation. The torque TB = TB(t) at the spacecraft base is the

sum of the inertia torques due to the elements of inertia Ij (j=1,2, ... M), of
each mass point j of the spacecraft model (cantilever normal mode of space-

craft) about the longitudinal axis above the spacecraft base (Fig. 2).

The inertia torque due to each inertia Ij is:

T.=I.é.=1.§U. q 7
L T R jn 9n (7)
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LUMPED INERTIA j

$/C BASE (J OINTQ/
GD/C/ST.106.1

Fig. 2. Ideal representation of structure for spacecraft
base torque determination

where
éj = the angular rotation at mass point j
an = the nth mode shape at mass point j in the overall vehicle free-
free modes
an = the nth generalized coordinate

The total torque at the spacecraft base is the summation of Tj on all

mass points j of the spacecraft.

M N
Ty = E IJ. z an a, (8)

N M
SED DN DI K )
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Let

M
: z LU, =1T1* (M=18) (10)
J _]n n
j=1

then the torque at the spacecraft base is

N
Ty ® z g, 1" (11)
n=o

Taking the Fourier transform of Ty and using Eqg. (5) of Ref. 12 we finally

obtain:

al <I>Zn r* 1
Fple) = Flw) 37 22— . (12)
n=o

w w
1 - (—“) T —
w n w
This is the same as Eq. (8) of Ref. 12 if we replace

<I>1n by II'1

V(@) by Fp(w)

The column of In used in the computation of the torque is indicated in

Appendix D,

B. Input Data

The input data were the flight data obtained during the Ranger flight,
Ranger VI through IX, at booster engine cut-off (BECO), as determined in
Ref. 13. In Appendix E, Figs. E-1 through E-12 show the time histories of

the four transients and their Fourier transforms.
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C. Normal Modes

In addition to the rigid-body mode, the first 19 elastic free-free normal
modes covering a frequency range from 4.93 to 82.99 cps were retained to

represent the Atlas/Agena/OGO vehicle. (See Appendix D.)

As previously done, 9 modes were retained for the Atlas/Agena/Ranger

vehicle as shown in Table B-1 of Ref. 13,

D. Damping

A modal damping of 3% critical (g = %) was used for all modes of the
Atlas/Agena/Ranger vehicle in accordance with previous calculations (Refs. 12
and 13). A modal damping of 3% was also used for most of the calculations
pertaining to the Atlas/Agena/OGO vehicle. However, modal dampings ranging
from 0.1% to 50% were also used for joint 23, X| responses to show the influ-
ence of the damping. (See Table 3.) Modal dampings of 1, 2, 3, and 4% were

also used for joint 1, Xy-

E. Responses

The time histories of the responses were computed together with their
Fourier transforms. Peak responses were noted and are indicated in Tables 1
through 3. Time histories and Fourier transforms are shown in Appendix E,

Figs. E-13 through E-126.

Finally, it must be noted that since the amount of energy contained in
each pulse is limited, the peak response tends to level out for small damping ¢

as shown in Fig., E-127 in Appendix E,

10
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Table 1. Acceleration responses for 3% modal damping
(RA-6, 7, 8, 9 data input)
Location Excitation Peak acceleration
Base of S/C Accel. Pulse | 20. 4 rad/sec2
(Joint 7) Pulse 2 21.2 rad/sec?

Pulse 3 24,2 rad/sec2
Pulse 4 21.3 rad/sec2

Joint 1, X, Pulse 1 151.6 in. /sec2 0.393g
Pulse 2 192.3 in. /sec2 0.498¢g
Pulse 3 192.9 in. /sec2 0.500g
Pulse 4 187.8 in. /sec2 0.486¢g

Joint 1, X Pulse 1 70.8 rad/sec2
Pulse 2 75.6 rad/sec2
Pulse 3 121.4 rad/secz
Pulse 4 75.3 rad/sec2

Joint 5, Xg Pulse 1 30.7 rad/sec2
Pulse 2 52.4 rad/sec2
Pulse 3 76.0 ra.d/sec2
Pulse 4 41.2 ra.d/sec2

Joint 23, x Pulse 1 759.0 in. /sec® 1.97g
Pulse 2 1158.0 in. /sec? 3.0g
Pulse 3 1520.0 in. /sec® 3.94g
Pulse 4 1106.0 in, /secz 2.86g

Joint 23, X3 Pulse 1 592.0 in. /sec2 1.53g
Pulse 2 1000. 0 in. /sec2 2.59g
Pulse 3 1446.0 in. /sec’ 3.74g
Pulse 4 890.0 in. /sec2 2.30g

11
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Table 2. Torque

Location Excitation Peak torque

Base of S/C torque Pulse 1 22690 lb-in.
Pulse 2 37989 lb-in.

Pulse 3 50018 lb-in.

(Joint 7) Pulse 4 29574 1b-in.

Table 3. Effect of modal damping of Atlas/Agena/OGO space

vehicle - pulse 3 excitation

Location Modal damping Peak acceleration

Joint 1, x, 1% 281.3 in. /sec2 0.728¢g
2% 215.3 in./sec2 0.558¢g
3% 192.9 in, /seC2 0.500g
4% 171. 4 in. /sec® 0.444¢g

Joint 23, ) 0.1% 2638.0 in. /sec2 6.83g

0. 5% 2415.0 in. /sec® 6.25g

1% 2215.0in./sec2 5.74g

2% 1830.0 in./sec2 4, 74g

3% 1520.0 in. /sec2 3.94g

4% 1307.0 in./secz 3. 34g

10% 721.0 in./sec2 1.87¢g

50% 45.0 in. /sec2 0.1llg

12
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APPENDIX A

CONVERSION FROM NORMAL-MODE COORDINATES OF A
CANTILEVER STRUCTURE TO AN EQUIVALENT
LUMPED-PARAMETER SYSTEM

In the absence of the availability of Ref. 9, it is intended that this
appendix convey the physical and mathematical concepts of converting the
cantilever normal-mode data computed for the OGO-E spacecraft into an
equivalent lumped-parameter system compatible with the launch vehicle

representation.

The concepts are most easily introduced by first considering the axial
cantilever modes of a uniform bar of length, £, and mass-per -unit length, p.
From Ref. 14 it can be shown, using Timoshenko's notation, that the circular

frequency of the ith mode is given by

T fa\. .
pi—E(T)l 1—1,3,5... (A—].)
where
2"
a = |—
v
and the modal amplitude a distance, x, from the root is
_ . imx . )
Xi—Dimn(-—Zl) i=1,3,5... (A-2)

where Di is, in general, an arbitrary normalization factor. However, here it
will be shown that, for each mode, a relationship can be established for Dj
giving an equivalence between the continuous system and a simple oscillator.

h

The generalized mass of the ith hode is

<
I
\;,_
Pa
e
-
o,
w

ii
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The axial load at the root of the bar is

_ 2
Py = p" My

th

where Mri is the inertial coupling between the i cantilever mode and a rigid-

body axial translation, Xr =1, i.e.,

ri

S
I
\h
b’
H
e
-
o
w

i
@]
=

1
[u—
w
n

(A-4)

With a simple oscillator (Fig. A-1), the generalized mass is m, and the inertia

force, -mx, is the axial force applied at the base.

The continuous system may be converted to an equivalent simple oscil-
lator by modal renormalizations that equate Mii and Mri for all applicable
values of i. Thus, from Eqs. (A-3) and (A-4),

D. = — (A-5)

Substituting this expression in Eq. (A-2), and performing the integrations indi-

cated in Eqs. (A-3) and (A-4) gives

. _ 8ue
M, =M, =5 (A-6)

1w

X

K(MASSLESS)

Y, e

Figure A-1. Oscillator

A-2
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The continuous system has an infinite number of modes, each of which may be
represented by a simple oscillator with a point mass defined by Eq. (A-6). It

is pertinent to note that

[e0] @
E M. = 8pt —1 i=1, 2, 3,
ii T2 (2i - 1)2
i=1 i=1
= [t
= M
rr

the "rigid-rigid' term in the generalized mass matrix, i.e.,

£
f szpdx
()

M| = (A-T)
M M

er ee

wherein Mee is the diagonal matrix of which Mii is an element.

With respect to the OGO-E spacecraft, the initial mass matrix, K/I-ee,
is the diagonal matrix applying to modal normalizations giving unit displace-
ment at the point of maximum amplitude in each mode. The ith element of this

matrix is of the form
i - P " Pk Mk (A-8)

wherein the dot product is meant to signify that all six components of motion
(i.e., three translations and three rotations) are appropriately treated with the

applicable m, to account, in effect, for all of the kinetic energy in the mode.
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The inertial coupling between the ith elastic mode and a rigid-body

rotation of 1 rad. about the roll axis is of the form
) by My (£-9)

wherein ¢ik is meant as only that component of the total motion of m, that has

the sense of torsion.

.t . . .
If, now, the i h elastic mode is to be renormalized by a factor, Di’ the

new mass matrix elements are

M.. = D° M (A-10)
11 1 11
M. =D M. (A-11)
rl 1 Ir
Equating Mii and Mri gives
M.
D, = =— (A-12)
YoMy

Since only a certain number, N, of cantilever modes need be used in an

engineering analysis, an incremental rigid mass,

AM. = M__ - M., (A-13)

must be added at the '""ground plane'' of the system of n independent simple

oscillators as shown in Fig., A-2.
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i=1 i=2 i=N
M —e
Kii —
MM g
i O NOTE:

K.=P2Mm,
[}] i [§}

Fig. A-2. Mathematical model of the
OGO-E spacecraft
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APPENDIX B

THE OGO-E GENERALIZED MASS MATRIX
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APPENDIX C

NUMERICAL VALUES FOR THE ATLAS/AGENA/OGO-E
MATHEMATICAL MODEL




900-128

ATLAS/AGENA/OGO TORSION MODEL INPUT DATA

JOINT COORDINATES

JOINT . GD/C STATION, INCHES

1 =-99,9

2 -5949

3 -22.1

4 19.3

5 59,3

6 95.6

7 1061

8 118.9

9 1371
10 163.7
11 194.0
12 22%.1
13 263,.8
14 30449
1% 33442
16 41240
17 301.0
61 435.0
62 4%5.0
63 475.0
64 49540
65 515.1
66 528465
67 54713
68 577195
69 607.265
70 636.85%
71 6654965
72 695,078
13 724.18%
74 753,295
75 782.405
76 811.515
17 8404625
78 869.73
79 899,84
80 927467
81 951634
82 97757
83 1008,75
84 1061.25
85 1073.,78
86 1106425
87 112775
4% 1133,0
46 116060
47 1176.0
48 119840
49 1210.0
50 1212.0
51 11%8.0
52 1182.0
53 1212.0
54 123540
56 1212.0
56 124240
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SPACECRAFT REPRESENTATION

26 95.0
27 9540
28 9540
29 95.0
30 95.0
31 95,0
32 9540
33 9540
34 9540
35 95.0
36 9540
37 95,0
38 9540
39 95,0
40 9540
41 95,0
42 9540
43 95,0

JOINT INERTIAS

JOINT INERT I A,POUND INCHES SQUARED
1 «56824 ES
2 .81167 €5
3 .81631 FS
4 90626 ES
5 . 90966 ES
3 .14131 €6
7 «91291 ES
8 .22128 E6
9 .10289 E6

10 «81642 E5
11 58400 ES
12 « 62987 ES
13 «19669 FE6
14 « 84336 ES
15 . 10275 E6
16 . 16435 FE6
17 022029 FES
61 .88810 ES
62 .81619 ES
63 «10526 EB6
64 13364 E6
65 . 16751 E6
66 11554 E6
67 «19852 E6
68 . 19859 FE6
69 .19859 €6
70 - «19225 E6
71 . 19225 E6
72 «1922% E6
73 .2892% Eb
74 «36954 E6
75 .21486 E6
76 23748 E6
77 .33434 E6
78 . 43350 FE6




v

79
80
81
82
83
84
85
86
87
45
46
47
48
49
50
51
52
53
54
55
56

SPACECRAFT

900-128

REPRESENTAT ION

077792
e 84974
e 76633
¢ 13688
¢ 16217
¢ 15170
¢ 12906
086234
12835
e 40652
«52767
047759
¢ 30278
e23558%
e 51422
«15093
e 42825
« 63826
«57388
« 10000
e 66051

o 72489
«11068
e23537
o 42846
¢ 19484
«71523
026935
«177158
« 62807
«18100
«55052
e10192
« 48200
« 67983
«81376
¢ 10652
012562
e 96256
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SPRING CONSTANTS

JOINT

B

IN=-LB/RADIAN

«21500 EN9
094400 EO9
+81000 €09
«96500 EQ9
«13360 El0
«53300 Eln
«43700 Elo
«38000 Elo0
«28830 El0
«13240 Eln
«14930 El0
«1%450 £l0
¢ 14000 El0
«20000 €09
«19590 E10
e17000 E10
«82570 El0
«82190 Elo
« 75660 Elo
097940 ElQ
012480 El1
015360 Ell
«68460 Ell
«79200 ElD
+ 79200 ElO
e79200 El0
«81800 El0
«81800 El0
«81800 E10
«81800 ElO
«81800 El0
¢92400 El0
«10200 €11
e11140 Ell
«11770 Ell
¢10690 El11
e17080 Ell
¢ 18690 Ell
«14150 €11
e13000 Ell
el3470 E11
«13830 E11
e14300 €11
¢97060 Ell
«11100 €11}
~13116 £E1l
e12720 Eln
«20880 E09
«2N880 EOO
e34320 Ell
036600 Ell
029940 Ell
+39180 El)
¢ 10440 EQ9
« 10000 E12
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REPRESENTATION

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

«17990
«97930
«33070
«10710
« 73290
«34870
«17430
«21340
«11280
«34950
«13090
«36010
222410
«47790
« 78570
10450
«14830
«13280

E0S
EnNs
EOS
EO4
EO6
EOC6
EO07
EO7
Ecs
E08
€06
E06
E06
Ena
E05
EO0S
EOS5
E04
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APPENDIX D

FREE-FREE TORSIONAL MODES FOR THE
OGO-E SPACE VEHICLE
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Fig. D-1. Atlas/Agena/OGO torsion mode shape (mode 1) F

4,93 Hz
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MODAL DEFLECTION, radians
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Fig. D-2. Atlas/Agena/OGO torsion mode shape (mode 2) F = 9.30 Hz
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Fig. D-4. Atlas/Agena/OGO torsion mode shape (mode 4) F = 13.09 Hz
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Fig. D-5. Atlas/Agena/OGO torsion mode shape (mode 5) F = 15,64 Hz
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RESPONSE PLOTS
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Fig. E-1. RA-6 torsional flight acceleration, time history (pulse 1)
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